A second case has been found of a nematode gene involved in developmental timing that encodes a short, non-coding RNA. Both RNAs are expressed at specific times and appear to repress target genes by interacting with their 3′ untranslated regions. A coincidence? Or does this pathway attract small RNA regulators?
Both lin-4 and let-7 are 'heterochronic' genes, a set of genes defined by their special mutant phenotypes [3] . Heterochronic phenotypes fall into two classes: precocious and retarded. Precocious mutants skip developmental events that are characteristic of one of the animal's four larval stages, causing subsequent development to occur one stage too early. Retarded mutants reiterate stagespecific events, so that subsequent development is either delayed or never occurs. Collectively, the heterochronic genes regulate timing in all tissues of the animal except the gonad. Their signature characteristic is that they explicitly regulate the temporal component of cell fates, just as other kinds of developmental control genes regulate the spatial component.
The heterochronic gene pathway contains at least 12 known genes. The group started with four, lin-4, lin-14, lin-28 and lin-29, which were described by Ambros and Horvitz [4] . Victor Ambros has characterized this pathway in great detail, and his original genetic analysis [5] , carried out independently of molecular information, accurately predicted the precise molecular relationships among these four heterochronic genes for a variety of developmental events. The lin-14 gene is required for first stage events to occur on time, and lin-28 for second stage events. The lin-4 gene represses both lin-14 and lin-28 when their jobs are done to allow later events to occur. And lin-29 is needed for the animal to exit larval development and differentiate into an adult.
The let-7 gene is among the more recently characterized members of the set with heterochronic mutant phenotypes. Others include lin-41, lin-42 and daf-12 (reviewed in [3] ). The genetic and molecular relationships among these heterochronic genes and the four original ones have not been fully worked out, and one suspects that they are complex. Furthermore, it is likely that more heterochronic genes remain to be found, because the pathway has a few holes in it. Nevertheless, the picture emerging out of the molecular characterization of the heterochronic pathway is becoming clearer.
The regulation
The lin-4 loss-of-function mutants show a retarded phenotype, in which first stage events are repeated in subsequent stages (Figure 1 ). This is the opposite of the lin-14 loss-of-function mutants, which have a precocious phenotype, skipping first stage events. The precocious lin-14 mutation is epistatic to the retarded lin-4 mutation, which is the basis of the conclusion that lin-4 normally represses lin-14. There are two rare gain-of-function alleles of lin-14 that show a retarded phenotype, just like that of lin-4, as if they were freed of lin-4 repression.
The expression pattern of LIN-14 protein is consistent with the genetic expectations: the level of the Lin-14 protein is maximal early in larval development, then decreases rapidly [6] . Interestingly, the abundance of the lin-14 mRNA does not change over time, implying that the repression of lin-14 expression occurs after transcription [7, 8] . The lin-4 RNA is itself temporally regulated: it is off from the start of larval development to near the end of the first larval stage, and fully on by the time lin-14 is repressed ( Figure 1 ) [9] . The two rare gain-of-function alleles of lin-14 were of particular interest because they could suggest how lin-4 represses lin-14. When these mutations were sequenced, they were found to be rearrangements that disrupt much of the 3′ untranslated region (3′ UTR) of the lin-14 RNA [10] .
The complementarity
As soon as lin-4 was found to encode a small RNA, the immediate question was how does it repress lin-14 expression through the 3′ UTR of the latter's RNA? Both the Ambros and Ruvkun groups searched the 3′ UTR of lin-14 for sequences that might be complementary to the lin-4 RNA -and they found seven of them [1, 7] . The model apparent to all involved was clear: the specificity for the action of lin-4 on lin-14 comes from complementarity between the small RNA and sequences in the mRNA of its target ( Figure 2) . Indeed, the 3′ UTR of lin-14 can confer on a lacZ reporter a time-specific repression that is dependent on both lin-4 and the complementary sequences [11] .
Subsequently, another gene predicted by genetic analysis to be repressed by lin-4, lin-28, was also found to have a single complementary sequence in its 3′ UTR (Figure 2 ) [12] . Repression of lin-28 also fails to occur in a lin-4 mutant, and deleting just 15-nucleotides complementary to the lin-4 RNA from the lin-28 3′ UTR causes the persistence of lin-28 expression and a retarded phenotype. This showed that lin-4 can act on two entirely different genes whose only apparent similarity is having sequences complementary to the little RNA in their 3′ UTRs.
So what gene or genes does let-7 regulate? The let-7 gene appears to be important near the end of development ( Figure 1 ) [2] . The let-7 RNA is not fully expressed until the fourth and final larval stage. When let-7 is mutant, the animals have a retarded phenotype: at the fourth molt, certain hypodermal cells repeat their larval cell division pattern instead of differentiating as they should. So the targets of the let-7 RNA are expected to be genes that act near the end of larval development and to be regulated when let-7 is expressed.
Unlike the lin-4/lin-14 situation, no gain-of-function mutations have been identified that specifically affect late developmental stages of C. elegans. In an attempt to get around this problem, Reinhart et al. [2] used genetic epistasis analysis to try to identify candidates for let-7 targets. Predicting that a precocious mutation in a gene downstream of let-7 would be epistatic to a retarded let-7 mutation, they combined the let-7 mutation with mutations in each of the genes lin-14, lin-28, lin-41 and lin-42. In each case, they found that there is a mutual partial suppression of both the precocious and retarded phenotypes. These ambiguous results are consistent with let-7 either regulating, or being regulated by, any of the other genes. Because let-7 is expressed well after lin-14 and lin-28 are repressed, however, it should not be necessary to propose that let-7 regulates them. But as lin-41 and lin-42 have phenotypes apparently restricted to late stages, Reinhart et al. [2] propose that these are regulatory targets of let-7.
The analogy to lin-4 predicts that let-7 should have some complementarity to sequences in the 3′ UTRs of the RNAs encoded by its target genes. Indeed, Reinhart et al. [2] found stretches of complementarity to let-7 in lin-41 and lin-42 RNAs. The complementarity is discontinuous and requires drawing some bulges and loops, but that was done as well with lin-4 and its target RNAs (Figure 2) . Complementary sites to let-7 can also be found in the 3′ UTRs of lin-14, lin-28 and daf-12, though the significance of these is not apparent. Clearly, what was needed was a demonstration that let-7 can act through the 3′ UTR of a gene in a way similar to lin-4.
To address whether let-7 might have an effect on the expression of lin-41, Reinhart et al. [2] attached the 3′ UTR of lin-41 to a lacZ reporter. They found that expression of a reporter with the whole lin-41 3′ UTR was repressed in adult animals in the presence of let-7, but not in a let-7 mutant. A reporter lacking a region containing the let-7-complementary sequences was not repressed, even in the presence of let-7. Slack et al. [13] found that expression of a reporter in which the sequence encoding green fluorescent protein (GFP) was fused to Dispatch R437
Figure 1
The time of expression of the lin-4 and let-7 RNAs, and the phenotypes caused by mutations in them. Each RNA appears at a specific stage during the animal's larval development. The lin-4 RNA is produced by the end of the first larval stage, and continues thereafter. The let-7 RNA is present by the fourth larval stage. When lin-4 is mutant, the developmental events of the first stage are reiterated in subsequent stages (shown by the repeated red rectangles); the molting cycle that punctuates the stages continues indefinitely. When let-7 is mutant, the hypodermal cell fates are reiterated once after the fourth stage (shown by the repeated blue rectangle). The colored blocks represent the developmental events that are normally specific to each larval stage. 
The mechanism
Assuming both lin-4 and let-7 act by base-pairing of their short RNA products with the 3′ UTRs of their target RNAs, the important question is: how do they affect gene expression? It is quite clear that lin-14 is regulated by the lin-4 RNA at a step after transcription, but exactly which step has been mysterious. Recently, Olsen and Ambros [8] made the fascinating finding that, even when lin-4 is acting, lin-14 mRNA is present in abundance associated with polyribosomes. It looks as if the mRNA is engaged in translation, but no protein accumulates. Tantalizingly similar observations have been made for the regulation of the nanos gene during Drosophila embryogenesis (I. Clark and E. Gavis, personal communication).
The lin-4 and let-7 genes are the only ones known to encode small RNAs that specifically regulate other genes. But recently, RNAs of similar size have been found to have a profound effect on gene expression -although in these cases they are not the products of naturally occurring genes. RNA interference, or RNAi, is a gene-silencing phenomenon mediated by double-stranded RNA. Zamore and colleagues [14] have shown that the double-stranded RNA is cleaved into RNAs of 21-23 nucleotides, and these short RNAs lead to specific degradation of mRNA of the complementary sequence. The short RNAs that mediate RNAi and the heterochronic RNAs act by entirely different mechanisms, but both get their specificity from relatively short stretches of complementarity.
The future
Are there genes encoding other tiny RNAs out there? The C. elegans lin-4 and let-7 genes were identified by virtue of their mutant phenotypes -lightning struck twice where the phenotypes were clear, even though they present small targets for mutagenesis. In genomic sequences, genes that act via RNAs, rather than proteins, are almost invisible, because they do not have open reading frames. But sophisticated computational methods, as well as comparative genome sequencing efforts, should greatly improve our ability to see them in the expanse of noncoding sequences [15, 16] .
As for the two heterochronic RNAs, the challenges for the future include finding out whether they act in a similar way. What is really the basis of the specificity in the interaction between each small RNA and its targets? What are the proteins involved? The parallel study of these two RNAs makes the analysis of their action substantially more powerful. Once we make progress on these, we can expect to have a much easier time when the next tiny RNA gene is discovered. 
